Abstract: The hot workability of the ultra-high strength steel BR1500HS has been investigated by processing maps. A series of hot deformation tensile tests were carried out on a Gleeble-3500 thermal simulator in the deformation temperature range of 773-1,223 K and strain rate range of 0.01-10 s -1
Introduction
Ultra-high strength steel BR1500HS is a kind of boron steel developed by Baosteel Group Corporation. Vehicle light-weighting and improving of crashworthiness in auto industry greatly increase the requirement of high strength steel [1] . Deformation process of BR1500HS at austenite phase temperature region and the following quenching process makes it possible to produce complex shapes with tensile strength up to around 1,500 Mpa [2] . In order to obtain better mechanical property and less deformation defect, the hot workability of BR1500HS should be studied.
The workability of metal consists of two independent parts: state of stress (SOS) workability and intrinsic workability [3] [4] [5] . SOS workability is governed by the geometry of deformation zone and the externally imposed stress state, both of which vary with different deformation processes [6, 7] . Intrinsic workability is determined by the microstructure evolution under certain deformation conditions which is implicit in flow behavior [5] . The processing map developed on the basis of DMM has been widely used to understand the intrinsic workability of many materials in terms of the various microstructural mechanisms operating at the different deformation conditions [3, [8] [9] [10] [11] [12] [13] . According to the DMM, the hot deformation of work piece can be seen as a process of power dissipation. The total absorbed power P can be divided into two parts: one part was designated as G content representing the power corresponding to the temperature rising, and the other one was the J co-content which was regard to the power dissipated through microstructure evolution [14] . So the total power P can be expressed as [8] :
The work-piece undergoing hot deformation is considered to be a dissipator of power and the strain rate sensitivity (m) of flow stress is the factor that partitions power between deformation heat and microstructural changes [15] . According to the research of Prasad, the power dissipation efficiency η is expressed as [8] :
In the power dissipation map, the higher the η-value is, the better hot workability the work piece can get. While some instability areas under high power dissipation efficiency cannot be expressed in power dissipation maps.
Therefore, it is necessary to build the instability map by a continuum criterion. The criterion was based on the maximum rate of entropy production, and it was determined as [8] :
A processing map consists of a superimposition of efficiency of power dissipation and an instability map, the former revealing the "safe" domain for processing and the latter setting the limits for avoiding undesirable microstructures [16] . In this paper, the deformation behaviors at evaluated temperatures of ultra-high strength steel BR1500HS were investigated based on experimental results of hot tensile tests. The processing maps were constructed, by which, the DRV and DRX mechanisms of this alloy were analyzed and processing parameters were optimized. Furthermore, in order to deeply understand the microstructure mechanisms, the Zener-Hollomon parameter at different temperatures and strain rates were calculated and compared with the self-diffusion activation energy. Finally, the microstructures under different deformation parameters were observed to validate the obvious work.
Experiments
The hot-rolled ultra-high strength steel BR1500HS sheet with thickness of 1.8 mm used in this study whose chemical compositions are 0.21C-0.27Si-1.33Mn-0.025(max) P-0.005(max)S-012Cr-0.039Al-0.0023B-0.047Ti (wt%).
The initial microstructure of this material is shown in Figure 1 . The isothermal hot tensile tests were carried out on a Gleeble-3500 thermal simulator. The tensile specimens were prepared according to the standard of GB/T 4338-2006, and the dimension of the specimen is illustrated in Figure 2 All specimens were tensed to fracture under constant temperatures and strain rates. Wire-electrode cutting was used to machine the specimens to avoid the effect of work-hardening. Moreover, two location holes with diameter of 8 mm were drilled along the axis of the specimen on both ends to avert sliding. To prevent stress concentration, the cutting lines on the surface were polished by fine grit sandpaper and the specimen was guided rounded edge processing. The thermocouple of thermal simulator was welded on the center of specimen to real-time monitoring and control the temperature. The test chamber of this tensile test refer to the experiment carried out by Merklein et al. [17] whose schematic sketch is shown in Figure 3 .
Results and discussion

Flow stress curves
The true strain-stress curves at different temperatures and strain rates were obtained and shown in Figure 4 . They indicate that increasing strain rate or decreasing deformation temperature makes the flow stress level increase, in other words, it prevents the occurrence of dynamic softening caused by DRV and DRX, and makes the deformed metals exhibit more work hardening [18] . The cause lies in the fact that higher strain rate and lower temperature provide shorter time for the energy accumulation and lower mobilities at boundaries which result in the nucleation and growth of dynamically recrystallized grains and dislocation annihilation [19] [20] [21] . In addition, some distinct features can be observed from the true strain-stress curves: (a) three types of curve variation tendency can be generalized as following [17] : decreasing gradually to a steady state with DRX softening (1,223 K and 0.01 s −1 ), maintaining higher stress level without significant softening and work hardening (773 K and 0.01-0.1 s −1 , 873-1,023 K and 0.01-10 s −1 ), and increasing continuously with significant work hardening (773 K and 1-10 s −1 ); (b) the flow stress increases rapidly at the initial stage which is commonly believed that work hardening predominates, then they decrease with increasing temperature or decreasing strain rate which is commonly believed that high temperature leads energy barrier of dislocation motion decreasing resulting in the acceleration of dynamic recovery and decreasing of flow stress. 
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The construction of processing maps
Strain rate sensitivity
Strain rate sensitivity of flow stress is a very important parameter which reveals the ductility and plastic of metals and alloys in the forming processes [7] . According to Prasad, the strain rate sensitivity index m is denoted as [8] :
According to the irreversible thermodynamics, the relationship between flow stress and strain rate can be expressed as [22] : lgσ = a + blg_ ε + 2cðlg_ εÞ 2 + 3dðlg_ εÞ
The m-value is evaluated as a function of strain rate and is written as [23] :
The m-values were calculated based on fitted cubic spines for lgσ versus lg_ ε (shown in Figure 5 ), and the results were given in Table 1 . To investigate the effect of temperature and strain rate on m-value, the 3D response surfaces of m-value on strain rates and temperatures under different strains are constructed as shown in Figure 6 . It can be seen that m-values vary violently with the variation of temperatures, strains and strain rates, which indicates that microscopic deformation mechanism has been changed greatly. From Table 1 According to Prasad, negative m-values are usually 
obtained under the conditions that promote dynamic strain aging (DSA), deformation twinning, shear band formation, or initiation and growth of microcracks [24, 25] . Moreover, according to phase-diagram, the main microstructure of this alloy varies with temperature: at the temperature of 773 and 873 K, the main microstructure is ferrite which has a lattice of bcc; at the temperature of 1,023 and 1,123 K, the main microstructures are austenite and ferrite, in addition, the percentage of austenite increases with the rising of temperature; at the temperature of 1,223 K, the main microstructure is austenite which has a lattice of fcc. It can be seen from Table 1 , m-values at the temperature of 773 and 873 K where the main microstructure is ferrite which has a lattice of bcc are lower than those at the temperature of 1,023, 1,123 K where one of the main microstructures is austenite which has a lattice of fcc. Although the bcc and fcc lattice have the same amount of non-basal slip systems, the fcc lattice (4 slip planes and 3 slip directions) has more slip directions and the level of close-packed atoms is higher than that of bcc (6 slip planes and 2 slip directions), which contributes to increasing m-value. Besides, deformation twinning occurs easily at high strain rate and low temperature, which contributes to decreasing m-value [24] . In short, the coexistence and cooperation of slip and twinning result in the variation of m-value.
Power dissipation maps
The power dissipation map which is viewed as a counter map presents the variation of power dissipation efficiency with temperature and strain rate. According to eq. (2) and Table 1 , the η-values were calculated and the dissipation maps of BR1500HS at the strain of 0.05, 0.10 and 0.15 were plotted as shown in Figure 7 . The numbers to each counter in the dissipation maps are the η-values which characterize the microstructure evolution under different conditions.
It is well known that greater η-values mean that the performance of microstructure can be improved better. It can be seen from the dissipation maps that the η-values in low strain rate region are higher than those in high strain rate region which may lead DRV or DRX, and local flow instability [26] . Furthermore, some distinct features can be observed from the dissipation maps as well: (1) under the condition of low strain rate, the η-values increase with the rising of temperature and reach the peak value of about 0.3 at the temperature of 1,223 K, while the peak of η-value is about 0.4 at the temperature of 1,123 K and strain of 0.15 where the specimen has a necking tendency corresponding to the true strain-stress curve which reveals that the power dissipation efficiency is elevated and DRX is accelerated before necking occurs; (2) the η-value at the strain rate of 10 s -1 and temperature of 1,100 K decreases with the rising of strain, Wen et al. [27] believe that the main reason for this phenomenon is that the inhomogeneous recrystallized microstructures in the early high strain rate deformation stage lead to the flow localization in the vicinity of the joint between the homogeneous deformation zone and the rigid zone; (3) negative η-values appear at low temperature and high strain rate region, which means that flow instability occurs easier in this region because of relative low apparent activation energy which is discussed in Section 3.4.
Instability maps
According to eq. (3), the flow instability occurs when the ξ (_ ε) is negative. The variation of ξ (_ ε) with temperatures and strain rates can constitute instability maps as shown in Figure 8 . In the counter map, gray areas are flow instability regions and cyan areas are flow stability areas. It can be seen in Figure 8 that the flow instability region appears under the condition of low temperature with high strain rate and high temperature with high strain rate mainly.
Processing maps
The overlap of power dissipation map and instability map constitutes processing map which offers reasonable deformation parameters. Figure 9 shows the processing maps of BR1500HS at the strains of 0.05, 0.10, 0.15, strain rates of 0.01-10 s -1 and deformation temperature between 773 K and 1,223 K. It can be seen from Figure  9 (a), there are five stability domains as follows: (1) the deformation temperatures ranging from 773 K to 845 K and the strain rates ranging from 0.01 s -1 to 0.05 s -1 , the peak power dissipation efficiency in DOM #1 is about 14 %; (2) the deformation temperatures ranging from 845 K to 1,010 K and the strain rates ranging from 0.01 s -1 to 0.2818 s -1 , the peak power dissipation efficiency in DOM #2 is about 23 %; (3) the deformation temperatures ranging from 960 K to 1,155 K and the strain rates ranging from 0.0398 s -1 to 0.7079 s -1 , the peak power dissipation efficiency in DOM #3 is about 23 %; (4) the deformation temperatures ranging from 980 K to 1,223 K and the strain rates ranging from 0.7079 s -1 to 10 s -1 , the peak power dissipation efficiency in DOM #3 is about 23 %; (5) the deformation temperatures ranging from 1,080 K to 1,223 K and the strain rates ranging from 0.01 s -1 to 0.1778 s -1 , the peak power dissipation efficiency in DOM #3 is about 28 %. As can be seen in Figure 9 (b), there are three stability domains as follows:
(1) the deformation temperatures ranging from 773 K to 1,223 K and the strain rates ranging from 0.01 s -1 to 0.0355 s -1 , the peak power dissipation efficiency in DOM #1 is about 30 %; (2) the deformation temperatures ranging from 850 K to 1,060 K and the strain rates ranging from 0.0355 s -1 to 0.3981 s -1 , the peak power dissipation efficiency in DOM #2 is about 26 %; (3) the deformation temperatures ranging from 980 K to 1,060 K and the strain rates ranging from 0.3981 s -1 to 10 s -1 , the peak power dissipation efficiency in DOM #3 is about 21 %.
As can be seen in Figure 9 (c), there are three stability , where the peak power dissipation efficiency is about 37 % and lowest power dissipation efficiency is about 31 % as the green region shown in Figure 9 (c) is the recommended optimum hot working condition.
Microstructure observations
In order to understand the impact of process parameters on the microstructure and validate the regions of stable and instable flow, the microstructure evolutions during hot deformation were characterized by optical microscopy. Figure 10 shows the optical microstructure at strain rate 0.01 s -1 under different deformation temperatures. From Figure 10 (a) and (b), it can be seen that the grains have not yet begun to refine because of relative low deformation temperature and low strain rate. As shown in Figure 10 (c), it can be observed obviously that the grains start to refine at the temperature of 1,023 K. Figure 10(d) and (e) show the microstructure at the temperature of 1,123 K and 1,223 K respectively, typical dynamic recrystallization microstructure can be observed. According to previews research [18] , DRX may occur when the η-value range is between 0.3-0.5. As for Figure 10 (e) corresponding to strain rate of 0.01 s -1 , temperature of 1,123 K in DOM #3 in Figure 9 (c) where η-value is about 40 %, amount of refined grains were generated as shown. Figure 11(a) shows the microstructure at strain rate of 1 s -1 , temperature of 773 K where is corresponding to INST #1 in Figure 9 (a), plenty of deformation twins can be observed. Figure 11 (b) presents the microstructure at strain rate of 1 s -1 , temperature of 873 K where is corresponding to INST #2 in Figure 9 (c), a narrow and long crack can be observed in this area. It is commonly believed that deformation twinning occurs easily under high strain rate and relative low temperature. Amount of dislocations are generated under high strain rate while these dislocations disappear barely and form dislocation tangles and pile-ups at relative low temperature because of low dynamic recovery rate. These dislocation tangles become barriers of glide which may cause deformation twinning and dislocation pile-ups result in stress concentration which is the source of micro-crack.
Z parameter solving
The thermal activation process during the hot deformation of metal materials which is similar to hightemperature creep. Its deformation mechanism can be regarded as the extension of creep mechanism under different stress conditions. Thus the creep equation which contains deformation activation is used to describe the relationship between deformation conditions and flow stress [28] :
where Z is the Zener-Hollomon parameter, _ ε is the strain rate, R is the gas constant, T is the absolute temperature, Q is the activation energy for deformation.
Hot deformation process is mainly effected by deformation temperature, strain rate and the amount of deformation, among which, deformation temperature and strain rate are more remarkable factors. The relationship among deformation temperature, strain rate and the flow stress was commonly described by the following equations [29, 30] :
where σ is the steady-state stress value, A, A 1 , A 2 , α, β, n and n 1 are constants who are independent of temperature. It is well known that eq. (8) is fit for relatively low stress and eq. (9) is fit for the high. While eq. (10) is the developed hyperbolic-Sine Arrhenius equation which is suitable for wide range of deformation conditions [31, 32] . Calculating by linear regression of equations obtained by taking natural logarithm from each side of the eqs (8) and (9) , the values of β and n 1 were determined as 0.062956 MPa -1 and 9.16809 respectively. Then the value of α was calculated as 0.006878 MPa -1 by the expression of α % β=n 1 . The average activation energy can be calculated by the expression of Q = 10,000 R K 1 K 2 , where K 1 and K 2 are the average slopes of plots of ln _ ε versus ln(sinh(ασ p )) and ln(sinh(ασ p )) versus (10,000/T) respectively as shown in Figure 12 (a) and (b). The average values of K 1 and K 2 were determined as 6.60969 and 0.4537475 respectively so that the value of Q was Figure 12 (c), the plot shows a good linear correlation between peak stress and Z-value with regression coefficient of 0.987. As a result, substituting the values α, n, Q and A into eq. (7), Z parameter can be expressed as follow:
It should be noted that the Q-value above is the average apparent activation energy of the overall reaction. To help understand the effect of deformation temperature and strain rate on microstructure mechanisms, the apparent activation energy at different deformation temperatures and strain rates were calculated as shown in Table 2 by above method. It can be seen that the apparent activation energy values at higher temperature and lower strain rate region are higher than the self-diffusion activation energy in γ-Fe (279 kJ/mol) [33] , which suggests that cross-slip of screw dislocation and climbing of edge dislocation may be the rate controlling process. The climbing of edge dislocation can form sub-grains or make the positive and negative ups and tangles. Then deformation twinning and micro-crack may occur with the rising level of dislocation pile-ups and tangles.
Conclusions
Hot tensile testing of ultra-high strength steel BR1500HS has been conducted in the temperature range 773-1,223 K and the strain rate range 0.01-10 s -1
. The processing maps for hot working were developed on the basis of isothermal tensile data and DMM, and the following conclusion are drawn from this investigation: (1) The processing maps were plotted by the superimposition of the power dissipation and the instability maps, deformation temperatures ranging from 1,200 K to 1,223 K and the strain rates ranging from 0.01 s -1 to 0.1 s -1 with a peak power dissipation efficiency of 37 % are considered as the optimum hot working conditions. Besides, to deeply understand the microstructure evolution mechanism, the apparent activation energy at different deformation temperatures and strain rates were determined.
